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Ribosome Loading onto the mRNA Cap Is Driven
by Conformational Coupling between eIF4G and eIF4E
subunit thereby enabling elongation (Dever, 2002; Her-
shey and Merrick, 2000). The localization of the 5 end
of the mRNA to the small ribosomal subunit is thought to
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ribosomal subunit from the 5 end of the mRNA in searchThe eukaryotic initiation factor 4G (eIF4G) is the core
of a start codon. The 4E binding proteins (4E-BPs)of a multicomponent switch controlling gene expres-
(Pause et al., 1994) block assembly of eIF4F throughsion at the level of translation initiation. It interacts
competition with eIF4G for a common surface on eIF4Ewith the small ribosomal subunit interacting protein,
(Haghighat et al., 1995). In S. cerevisiae, a related proteineIF3, and the eIF4E/cap-mRNA complex in order to
p20 (Altmann et al., 1997; Ptushkina et al., 1998) bindsload the ribosome onto mRNA during cap-dependent
to this surface. Hyperphosphorylation of the 4E-BPs intranslation. We describe the solution structure of the
response to growth factors and mitogens results in re-complex between yeast eIF4E/cap and eIF4G (393–
lease of eIF4E, subsequent binding to eIF4G, and upreg-490). Binding triggers a coupled folding transition of
ulation of cap-dependent translation (Raught et al.,
eIF4G (393–490) and the eIF4E N terminus resulting in
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Y(X)4Lφ (X variable, φ hydrophobic) is found on all 4E-a right-handed helical ring that wraps around the N BPs, p20, and eIF4G (Altmann et al., 1997; Mader et al.,
terminus of eIF4E. Cofolding allosterically enhances 1995). Structures of N terminally truncated murine eIF4E
association of eIF4E with the cap and is required for alone (Marcotrigiano et al., 1997), and in complex with
maintenance of optimal growth and polysome distri- sixteen residue peptides containing the Y(X)4Lφ regionbutions in vivo. Our data explain how mRNA, eIF4E, from mammalian 4E-BP1 and eIF4GII, have been re-
and eIF4G exists as a stable mRNP that may facilitate ported (Marcotrigiano et al., 1999). These regions of 4E-
multiple rounds of ribosomal loading during transla- BP and eIF4GII form a short helix and occupy a shared
tion initiation, a key determinant in the overall rate of binding site on eIF4E. The conformation of eIF4E is unal-
protein synthesis. tered when bound to either peptide.
Like the cap structure, the 3 poly(A) tail is capable
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PABP (Tarun and Sachs, 1997). Experiments performedtive to the small ribosomal subunit, and to promote join-
both in vivo and in vitro have revealed that the cap anding of the loaded small subunit together with the large
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(Uchida et al., 2002; Wells et al., 1998). A number of Structural Overview
Upon binding eIF4E, eIF4G (393–490) folds into an un-observations suggest that the termini of mRNA are able
usual closed ring-shaped structure consisting of fiveto communicate through allosteric interactions medi-
helical segments arranged from the N to C terminus inated by PABP, eIF4G, and eIF4E (reviewed in Prevot et
a right-handed fashion, culminating in a parallel align-al., 2003) and that these mutually reinforcing effects may
ment of the terminal helices (Figures 1C and 1D). Thepromote translational synergy by generating a stable
fourth helix (4) of eIF4G (393–490) contains the well-circular mRNP structure capable of supporting multiple
characterized eIF4E consensus binding motif includinginitiation-termination-reinitiation cycles.
the Y(X)4Lφ sequence (Figures 1B–1D). This consensusTo better understand the structural basis for how sig-
helix together with 1, 2, and 5 forms a hydrophobicnals are transmitted from eIF4G through eIF4E to the
cavity that wraps around the N terminus of eIF4E like acap structure and how PABP might modulate such an
molecular bracelet (Figures 1C and 1D; Figures 2B andeffect, we have mapped the minimal eIF4E binding
2C). The inner diameter of the bracelet is roughly 15 A˚domain of yeast eIF4GI with a combination of genetic,
and roomy enough to accommodate a single extendedbiochemical, and biophysical methods (Hershey et
polypeptide chain (Figure 2D). Conserved residuesal., 1999). Mutation of residues far removed from the
33–38 found in the N terminus of eIF4E (Figure 1A; Fig-Y(X)4Lφ region within a 98 residue region of full-length
ures 2A and 2C) form a molecular “wrist” that insertsyeast eIF4GI abrogate binding to eIF4E. This region of
into the bracelet cavity while residues 23–32 of eIF4Eyeast eIF4GI (residues 393–490) becomes structured
become folded and emerge as turn (residues 30–32)/upon binding eIF4E (Hershey et al., 1999). Here, we re-
helix(1, residues 26–29)/extended chain (23–25) seg-port the solution structure of eIF4GI (393–490) in com-
ment that forms a small molecular “fist” (Figures 1C andplex with eIF4E. We show complex formation results in
1D; Figure 2C).folding of the N terminus of eIF4E with concomitant
Residues from all five helices from eIF4G (393–490)folding of eIF4G through a mutually induced fit mecha-
contact eIF4E to make up a total of 4400 A˚2 buriednism; protein binding alters the conformation and/or the
surface area (Figures 2B and 2C). Importantly, eIF4Gstability of the cap binding slot resulting in enhanced
(393–490) does not contact the cap binding slot (Figureassociation of eIF4E with the cap structure; dissociation
4C). Interactions between the consensus helix, 4, ofof the ternary complex is slow; and the N terminus of
eIF4G and helices 3 and 5 located on the convex dorsaleIF4E is required for these effects. Yeast strains harbor-
surface of eIF4E are observed as in the murine eIF4E/ing mutants of eIF4E lacking key N-terminal residues
eIF4GII-peptide complex (Marcotrigiano et al., 1999)show impaired growth phenotypes, a decrease in poly-
(Figure 6A). Hydrophobic residues that line the interiorsome content and a reduced interaction between eIF4E
of the bracelet are presented by 1 (Ile416), an adjoiningand eIF4G in vivo. A structure-based model of how com-
loop between 1 and 2 (Pro425, Ile426), 2 (Phe432), theplex assembly is regulated by the 4E-BPs is then dis-
consensus helix 4 (Tyr454, Phe458, Phe462) and 5 (Ile482,cussed.
Val483) and contact conserved (His37, Pro38) or consensus
hydrophobic (Val35 and Phe33) residues in the N terminus
Results and Discussion of eIF4E (Figure 2A). These residues from yeast eIF4GI
are conserved or highly similar in mammals (Figure 1B).
Structure Determination of the eIF4E/m7GDP/ Hydrophobic residues of the N-terminal helical turn of
eIF4G Complex eIF4E (1: Val26, Leu27) form contacts with the consensusThe ternary complex between yeast eIF4E, eIF4G (393– helix (Phe462) and a loop between the second and third
490), and m7GDP proved refractory to high-resolution helices (Tyr434) (Figure 2A) of eIF4GI. The opposite face
crystallographic analysis (Hershey et al., 1999). We have of Phe462 contacts Val71 and Trp75 which is located on
solved the solution structure of yeast eIF4E in complex the convex dorsum of eIF4E, in a similar way as observed
with m7GDP and eIF4G (393–490), a 35 kDa complex in the mammalian eIF4E/peptide complex (Marcotrigi-
containing 313 residues, using multidimensional NMR ano et al., 1999) (Figure 6A).
spectroscopy. As with the binary m7GDP/eIF4E com- Hydrophobic and charged interactions are observed
plex, the solubility of the ternary complex was increased on the edge of the eIF4G bracelet and eIF4E. Residues
by the presence of the nondenaturing detergent CHAPS from the C-terminal helix of eIF4G (Trp474, Thr478, Lys481)
(Matsuo et al., 1997). interact with conserved residues in the second  strand
A total of 275 intermolecular and 2685 intramolecular (Phe68) and third helix of eIF4E (Glu72, Glu73; Figures 1B
distance restraints were derived from NOE or paramag- and 2C). Acidic loops found N-(Asp125Asp127, Glu128) and
netic broadening data and were used to generate an C-terminal (Glu140, Asp143, Glu144) to the fifth helix of eIF4E
ensemble of 50 structures using the program XPLOR engage basic residues found in the consensus (Lys463)
(Brunger, 1996). Stereo views of the best-fit superposi- and third helices of eIF4G (Lys447, Lys444), respectively
tions (Figure 1C) and the statistical analysis for the struc- (Figure 2B). The latter region of eIF4E is conserved be-
ture calculations demonstrate that the calculations led tween mammals and yeast (Figure 1A) while Lys447 of
to good convergence (Table 1). Except for the contact eIF4G was identified previously as a functionally signifi-
regions of eIF4E (labeled with filled circles in Figure cant residue in a genetic screen (Hershey et al., 1999).
1A), chemical shifts of the eIF4E/m7GDP portion of the
complex were nearly identical to those of the binary The N Terminus of eIF4E Is Required for Folding,
eIF4E/m7GDP complex. Thus, constraints were adopted Tight Binding of eIF4G (393–490), and
from the latter structure determination (Matsuo et al., Maintenance of a Long Lived Complex
1997) for the unchanged portion of the ternary complex To investigate the role of the N terminus of eIF4E for
interaction with eIF4G, we have recorded a series of(see below and Experimental Procedures).
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Figure 1. Interface Contacts, Stereo View, and Overall Fold of the eIF4G/eIF4G Complex
(A) Sequence alignments of eIF4E and (B) eIF4GI proteins. Only residues found in the eIF4G binding region of eIF4E are included.
(C) Superposition of 11 lowest energy structures selected out of 50 models calculated using XPLOR (Brunger, 1996) with no NOE violations
greater than 0.5 A˚ and no angular violations greater than 5.
(D) Ribbon diagram of eIF4E (colored red and yellow) in complex with eIF4GI (393–490) (colored blue) corresponding to lowest energy structure
with lowest RMSD to the mean structure. Residues 1–23 of eIF4E and 393–413 of eIF4GI (393–490) show no long-range NOEs, appear
disordered, and have been omitted for clarity. Figures prepared using Molmol (Koradi et al., 1996).
HSQC spectra of 15N-labeled eIF4G (393–490) in complex yielding dissociation constants of 66 and 250 nM, re-
spectively. We do not understand the modest discrep-with unlabeled N-terminal truncations of eIF4E (Figure
3A). eIF4G (393–490) appears mostly unfolded when ancy between 30/eIF4G (393–490) dissociation con-
stant measured by SPR and ITC, though data from themixed with either 35 or 30 eIF4E but folds as in the
wild-type complex upon binding 20 eIF4E. This sug- latter method correlate well with the stepwise exacerba-
tion of phenotypes for the deletion mutants in vivogests that 20 but not 30 and 35 eIF4E would bind
eIF4G (393–490). However, GST pull-down assays (Fig- (see below).
In mammals, oligopeptides containing the Y(X)4Lφure 3B), isothermal titration calorimetry (ITC, Figure 3C),
and surface plasmon resonance (SPR, Figure 3D) indi- consensus motif from eIF4GI and eIF4GII form tight
complexes with N terminally truncated eIF4E, with mea-cate that eIF4G (393–490) interacts with all three deletion
mutants of eIF4E but with a large variation in affinities. sured equilibrium dissociation constants of 27 and 150
nM, respectively (Marcotrigiano et al., 1999). Strikingly,Wild-type and20 eIF4E promote folding of eIF4G (393–
490) and bind in tight complexes (kd  2–5 nM). In con- the corresponding peptide from yeast eIF4GI binds
eIF4E much weaker, at 2 M (Figure 3, left table). Never-trast, eIF4G (393–490) binds 30 and 35 eIF4E in a
mostly unfolded state with significantly reduced affinity theless, despite weak binding of this peptide, mutations
Cell
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Table 1. NMR Structural Statistics
Restraints for Structure Calculations
Total Restraints 3137
Total HBond Restraints
Intramolecular 4E/4G 58/49
Intermolecular
4E/4G 1
m7GDP/4E 2
Total NOE Restraints
Intramolecular 4E/4G 1698/305
Intermolecular 4E/4G 129
Intermolecular m7GDP/4E 35
Total PBd Restraints (upper/lower)
Intramolecular 4E 103/200
Intermolecular 4E/4G 32/76
Dihedral(φ, , 	1c, 	2c) 4E/4G (89, 100, 60, 49)/(58, 56, 17, 20)
Statistics for Structure Calculationsb
Rmsd from Experimental Restraints
Distances (A˚) 0.037
.001
Angles (deg) 0.44 
 0.05
Deviations from Idealized Geometry
Bonds (A˚) 0.002 
 0.009
Angles (deg) 0.40 
 0.01
Coordinate Precision (A˚)
By Subunit (eIF4E/eIF4G)
Rmsd of backbone atoms (N, Ca, C) (0.82/0.68)a (1.40/1.25)b
Rmsd of heavy atoms (1.28/0.86)a (1.85/1.36)b
Overall
Rmsd of backbone atoms (N, Ca, C) 0.92a, 1.23b
Rmsd of heavy atoms 1.40a, 1.79b
Procheck Analysis eIF4E/eIF4G (percent)
Most favored (73.3a, 59.4b)/(88.0a, 73.9b)
Additional allowed (22.5, 28.3)/(9.5, 16.6)
Generously allowed (3.8, 10.0)/(1.8, 7.5)
Disallowed region (0.4, 2.2)/(0.7, 2.0)
a Regular secondary structure.
b Structured regions: residues 20–213 of eIF4E and/or residues 410–485 of eIF4G.
c Angles from secondary structure dependent 	1, 	2 database as Dunbrack and Karplus (1993).
d Paramagnetic broadening effects as in Battiste and Wagner (2000).
Figure 2. Intermolecular Contacts between
eIF4E (red) and eIF4GI (393–490) (blue)
(A) View of dorsal surface of eIF4E showing
conserved residues from the N terminus (col-
ored in green) interacting with residues lining
the hydrophobic cavity of eIF4GI (393–490)
(colored yellow).
(B) eIF4G (393–490) wraps around the N ter-
minus of eIF4E. Contact surface of eIF4E col-
ored by electrostatic potential with eIF4G
(393–490) backbone represented as a cyan
ribbon showing intermolecular charged inter-
actions and intra- and intermolecular hy-
drophobic interactions thought to be impor-
tant for folding eIF4G (393–490).
(C) View as in (B) but rotated 90 around the
vertical axis.
(D) Contact surface of eIF4G (393–490)
viewed from the dorsal surface of eIF4E color
coded by electrostatic potential. Note the
cluster of basic residues and the large hy-
drophobic cavity in the center of eIF4G (393–
490). Figures prepared using Molmol (Koradi
et al., 1996).
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Figure 3. The N Terminus of eIF4E Is Required for Folding and Tight Binding of eIF4G (393–490)
(A) 15N HSQC spectra of unlabeled N-terminal deletion mutants 35, 30, 20 and wild-type (wt) eIF4E in complex with 15N-labeled eIF4G (393–
490).
(B) Western blot of GST-eIF4G (393–490) captured by m7GDP immobilized wild-type and N-terminal deletants of eIF4E. Detection using anti-
GST antibodies-lower image, input of eIF4E-upper image. Lanes 1 and 6 are controls corresponding to GST-4G (393–490) and GST added to
unloaded and eIF4E bound m7GDP, respectively.
(C) Isothermal titration calorimetry data for m7GDP/eIF4E binding to eIF4G (393–490). Top: raw data for wild-type binding. Bottom: fits of
integrated heat changes to one-site binding model. Binding curves corresponding to wild-type, 20, 30 and 35 eIF4E are colored red, blue,
purple and green, respectively.
(D) Surface plasmon resonance data for wild-type and mutant m7GDP/eIF4E binding to immobilized GST-eIF4G (393–490). Top: sensorgram
for 30 mutant of eIF4E binding to GST-eIF4G (393–490) at concentrations of 50, 100, 200, 400, and 800 nM 30 eIF4E. Bottom: sensorgram
corresponding to binding of wild-type, 10, 20, 30, and 35 eIF4E each at a concentration of 200 nM. Color-coding as in (c) but with 10
included and depicted in gray (nearly superimposed with wild-type data).
of signature residues of the Y(X)4Lφ motif within full- ment of the consensus peptide region from yeast eIF4GI
and mammalian eIF4GII in complex with yeast eIF4Elength eIF4GI abrogate binding to the phylogenetically
conserved convex dorsum of eIF4E . In yeast, mutation gives an overall backbone RMSD of 0.6 A˚ indicating a
conserved mode of interaction with the convex dorsumof Tyr454 to Ala is lethal while replacing both Leu459 and
Leu460 with Ala results in a temperature-sensitive pheno- of eIF4E (Figure 6A). However, this helix constitutes only
a portion of the bracelet formed by eIF4G (393–490).type (Tarun and Sachs, 1997). Similar mutations in mam-
malian eIF4GI abolish interactions with eIF4E in vitro The interface occupied by eIF4GI (393–490) is four times
larger than that occupied by the consensus peptide(Mader et al., 1995). Not surprisingly, structural align-
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providing numerous additional contacts that promote association of eIF4E with capped RNA whereas the con-
sensus peptide alone is unable to promote such an ef-tight binding through a dramatic change in enthalpy of
fect (Marcotrigiano et al., 1999; von der Haar et al., 2000).binding at the cost of entropy, presumably through the
We next wondered if formation of the large eIF4E-eIF4Gunfolded-to-folded transition (Figure 3, left table). Nearly
(393–490) interface affects association of eIF4E with thehalf the binding enthalpy derives from the first 35 resi-
cap structure. A gel mobility shift assay was performeddues of eIF4E underscoring the energetic significance
on 32P-labeled capped RNA and N-terminal deletion mu-of this region for interaction with eIF4G (Figure 3, left
tants of eIF4E in the presence or absence of eIF4Gtable). Interestingly, that residual binding occurs in the
(348–514) (Figures 4A and 4B). These data indicate thatabsence of the first 35 residues of eIF4E suggests that
the association of wild-type, 10, and 20 eIF4E withcomplex formation may occur in a manner that is inde-
capped RNA is increased in the presence of eIF4G (348–pendent of contacts with the N-terminal appendage.
514) while that for 30 and 35 eIF4E is unaffected.The difference in binding affinity between the yeast and
Similar results were obtained with eIF4G (393–490) (Fig-mammalian eIF4G consensus peptides may derive from
ure 4B and Supplemental Figure S2 available on Cellthe fact that the convex dorsum of yeast eIF4E is more
website). Since eIF4G (348–514) does not interact withcharged than that of the mammalian factor.
RNA in this assay (von der Haar et al., 2000), we concludeWe next wondered if formation of the bracelet archi-
that the enhanced association of eIF4E with the captecture was slow and whether or not interaction with
depends on N-terminal residues 20–35 of eIF4E andthe N terminus of eIF4E led to a long-lived complex.
does not derive from interactions of eIF4G (348–514)Given the agreement between the dissociation con-
with the RNA body.stants measured by ITC and SPR, we proceeded to
Our NMR data confirm that the N terminus of eIF4Eextract kinetic parameters from the SPR data. The inter-
acts as a remote sensor for the cap binding slot. Theactions of wild-type, 10 and 20 eIF4E with eIF4G
observation that interaction of eIF4G (393–490) with(393–490) are best described by a two-state binding
eIF4E induces chemical shift changes in the cap bindingmodel, while that for 30 and 35 eIF4E is best de-
site is consistent with small conformational changes inscribed by a simple binding model (Supplemental Figure
this region (Figure 4C). Thus, residues 20 to 35 of eIF4ES1 available at http://www.cell.com/cgi/content/full/
present a scaffold for folding eIF4G allowing formation115/6/739/DC1). In all cases, the initial association and
of intermolecular contacts that allosterically modulatedissociation rates are on the order of 106 s1 M1 and
cap binding. Regions of the eIF4E/eIF4G (393–490) inter-101 s1, respectively (Figure 3, right table). For wild-
face that may be important for enhanced cap bindingtype, 10 and 20, the second association and dis-
include residues in the wrist region (Phe33, Val35 and His37)sociation rate are on the order of 102 and 103 s1 re-
found buried in the core of the bracelet formed by eIF4G,spectively. Given complete folding of eIF4G (393–490)
and residues lining the edge of eIF4E (Val65, Thr66 andis promoted by wild-type, 10, and 20 eIF4E, we inter-
Phe68) that buttress the C-terminal helix (5) of eIF4Gpret the observed two-state binding as an initial encoun-
(393–490) (Figures 2A and 2C; Figure 4C). Additionalter followed by a collapse into a folded structure. A two-
hydrophobic interactions between residues found in thestate binding model agrees well with our structural data.
C-terminal tail (Val483) of eIF4G (393–490) and Pro35 ofThe inner diameter of the bracelet formed by eIF4G
eIF4E may also be important (Figures 2A and 2C; Figure(393–490) is less than that of the outer diameter of the
4C). That these residues are similar or conserved infist region of eIF4E spanned by residues 23–30 (Figure
mammalian eIF4E suggests a common functional role2C). Therefore, the bracelet has to be opened (unfolded)
(Figure 1A). Formation of the extensive interfacial sur-in order to bind eIF4E followed by fastening (folding)
face area may provoke changes in slow “breathing” typearound the N terminus of eIF4E into the complex we
motions in the vicinity of the cap binding slot, alteringobserve. In contrast, in the absence of N-terminal resi-
binding kinetics, and/or the population of cap bound.
dues 1–30 of eIF4E, eIF4G (393–490) binds in a mostly
Further experiments are required to understand the de-
unfolded state, consistent with the observed simple
tails of this important mechanism.
binding kinetics. That initial association and dissociation At apparent variance with our findings are data from
rates are similar for wild-type and all mutants suggests free eIF4E, eIF4F, and an isoform of eIF4F (iso-eIF4F)
that the N terminus of eIF4E is dispensable for initial derived from wheat germ extracts that indicate a similar
binding and that the dorsal surface of eIF4E mediates affinity for m7GpppG (Carberry et al., 1991); however,
the early stages of molecular recognition. The consen- time-resolved fluorescence studies of this interaction
sus peptide, eIF4G (449–466), may participate in en- suggest that the dissociation rate of the m7GpppG/iso-
counter complex formation as it binds to eIF4E with eIF4F complex is reduced relative to that with free eIF4E
micromolar affinity (Figure 3, left table). These results (Sha et al., 1995). Addition of PABP to both eIF4F and
document that residues 20–35 of eIF4E play a key scaf- iso-eIF4F increases the affinity for the cap (Wei et al.,
folding role by folding eIF4G (393–490). The interlocking 1998) and further reduces the off-rate for the cap interac-
interface thus generated promotes tight binding and tion (Luo and Goss, 2001). The conformational coupling
slow dissociation kinetics. observed in the yeast complex may provide a mecha-
nism for PABP to influence cap binding as observed for
Formation of the Helical Ring Spanned by eIF4G wheat germ eIF4F.
(393–490) Enhances Association of eIF4E Studies of the mammalian factors derived from HeLa
with Capped RNA cell extracts show that eIF4E efficiently crosslinks to the
From yeast (Ptushkina et al., 1998) to mammals (Hag- cap structure and that this effect is strongly reduced
upon polio virus infection (Lee and Sonenberg, 1982).highat and Sonenberg, 1997), eIF4G mediates increased
Conformational Coupling between eIF4E and eIF4G
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Figure 4. Folding of eIF4G (393–490) Allosterically Enhances Association of eIF4E with the Cap Structure In Vitro
(A) Gel mobility shift experiments on 32P labeled capped RNA in the presence or absence of eIF4G (348–514) for indicated N-terminal deletion
mutants and wild-type eIF4E.
(B) Amount of 32P signal shifted relative to wild-type as in (A).
(C) Change in N, HN, and CO backbone chemical shifts between m7GDP/eIF4E binary and m7GDP/eIF4E/eIF4G (393–490) ternary complexes.
The change in chemical is calculated as the magnitude of a vector with the components given by scaled chemical shift deviations for N, HN,
and CO as using [(N*0.17)2  (C*0.39)2 H2]0.5. Side chain chemical shift changes are included for Trp58 and Trp104. Residues of eIF4E
(excluding Pro) that are unassigned in either the free-f or eIF4G bound-b form are Asp29f, Ser30f, Leu39f, Thr48b, Lys49b, Arg97fb, Asn98b, Glu103b,
Gln148f, Asp190f, Gly192b, His199b, and Gln208fb.
Later work formally demonstrated that recombinant eIF4G that contain RNA binding activity (Berset et al.,
2003).eIF4G dramatically enhances association of eIF4E with
capped RNA in this assay (Haghighat and Sonenberg, The fact that cleavage of mammalian eIF4G by picor-
naviral protease requires binding to eIF4E suggests that,1997). Since the middle domain of eIF4G supports IRES
driven translation in these viruses (Pestova et al., 1996) like in yeast, complex assembly promotes a large con-
formational change that extends well beyond the con-and since the N-terminal third of eIF4G bearing the eIF4E
binding domain is separated from the C-terminal two- sensus peptide (Ohlmann et al., 1997). Intriguingly, it
was reported that this effect is not observed with N-ter-thirds during infection (Etchison et al., 1982), it was sug-
gested that the middle domain of eIF4G mediated in- minal GST labeled eIF4E, suggesting this region plays
a scaffolding role as found in the yeast factor (Ohlmanncreased association (Haghighat and Sonenberg, 1997).
Our results indicate that enhanced association between et al., 1997). Despite intimations that the N terminus of
eIF4E plays a similar role in yeast and humans, it haseIF4E and eIF4G occurs at the level of cap recognition
through an allosteric effect. We have shown that occu- previously been reported that the deletion of up to 33
amino acids from the N terminus of eIF4E still leavespation of the dorsal surface of eIF4E is insufficient for
this effect whereas proper folding of the bracelet formed this protein capable of supporting cap-dependent trans-
lation of reporter RNA in rabbit reticulocyte lysate immu-by eIF4G (393–490) is required. However, we cannot
exclude the possibility that association of yeast eIF4F nodepleted of wild-type eIF4E (Marcotrigiano et al.,
1997). The interpretation of these data, and the fact thatwith mRNA might be further enhanced by regions of
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Figure 5. In Vivo Analysis of N-Terminal Deletions in eIF4E
(A) Western analysis of the intracellular eIF4E levels of the respective strains. Upper image: cell extracts with equal amounts of total protein
applied, lower image: recombinant proteins with equimolar amounts applied.
(B) Growth analysis of strains containing wt or N terminally deleted copies of eIF4E. Serial dilutions (from top to bottom: 500/50/5 cells) were
plated onto YP glucose plates and grown for 48 hr at the indicated temperatures.
(C) Cell extracts derived from the eIF4E deletion strains were passed over m7GDP columns, and the bound proteins analyzed by Western
blotting. Top image: cell extracts blotted for eIF4G, middle image: eluates blotted for eIF4G, lower image: eluates blotted for eIF4E. The
numbers below the blots indicate the amount of eluted eIF4G normalized to wild-type, and corrected for variations in the amount of loaded
eIF4G, as quantified by analysis of the band densities.
binding of the consensus peptide to eIF4E is tight, was structed yeast strains containing as only source of eIF4E
wild-type or N terminally deleted versions of this proteinthat the first 33 residues of mammalian eIF4E were dis-
pensable for function and that recognition between the expressed from a TRP1 promoter, which has expression
levels comparable to the endogenous CDC33-promotertwo factors was mediated by the consensus peptide and
contacts with the convex dorsum of eIF4E. However, it (Vasilescu et al. 1996). While strains containing 10 and
20 eIF4E were indistinguishable from the wild-typeis not clear what the levels of mutant eIF4E were in this
study; if amounts were abnormally high, any defect in strain when grown in rich medium, 30 and 35 strains
showed a reduction in growth rates (Supplemental Fig-cap-dependent translation would have been compen-
sated by a mechanism not unlike the dose compensa- ures S3A and S3B available on Cell website). Western
analysis performed on these yeast strains showed thattion observed in vivo for the truncation mutants of yeast
eIF4E (Vasilescu et al., 1996). Perhaps more importantly, expression levels of the various forms of eIF4E were
comparable (Figure 5A). Note that the apparently lowerthe remaining residues of mammalian eIF4E (Tyr34, Ile35
and His37 and Pro38) correspond to those of yeast eIF4E band intensities obtained with the deletion mutants stem
from variations in antibody reactivity, since a compara-found buried in the core of the cavity formed by eIF4G
(393–490) (Figures 1A, 2A, and 4C). It is possible that ble loss in intensity is observed with a standard where
equal molar amounts of the eIF4E mutants were appliedresidues of the wrist region spanning from 33–39 form
a conserved core interface in all eukaryotes while those to the gel. These data are consistent with the observa-
tion that the first twenty amino acids of eIF4E containin the helical fist region spanned by residues 23–30 form
a variable interface, whose function may be species a prominent antigenic motif (Ptushkina et al. 1998). Phe-
notypic differences between the strains are thereforespecific. Further experiments will be required in order
to investigate the importance of these regions for mam- related to functional differences in the various deletion
mutants, rather than different expression levels.malian translation initiation.
The observed reduction in growth rate for30 and35
eIF4E was greatly exacerbated at elevated temperaturesThe N Terminus of eIF4E Is Required
for Optimal Growth and Maintenance (Figure 5B), as well as in other suboptimal growth condi-
tions such as with galactose as only carbon source orof Polysomal Structure
In order to address the function of the interlocking under osmotic stress (data not shown). Consistent with
the notion that these phenotypes are produced by anbracelet architecture observed in our structure, we con-
Conformational Coupling between eIF4E and eIF4G
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Figure 6. Model of 4E-BP Regulation of Translation Based on the Yeast eIF4G/eIF4G (393–490) Complex
(A) Overlay of yeast eIF4E (red)/eIF4GI (blue) residues 451 to 472 with mammalian eIF4GII (magenta) residues 621 to 634 (PDB code 1EJH).
Alignment based on yeast eIF4GI residues 454 to 462 containing the Y(X)4Lφ motif. Note φ  L in the mammalian and yeast eIF4GI consensus
motif. Conserved residues of eIF4E depicted in green; eIF4G residues depicted in yellow. Backbone rmsd over aligned region 0.6 A˚.
(B) Homology model of human eIF4E in complex with human 4E-BP1. Displayed is a contact surface between modeled human eIF4E colored
by electrostatic potential. Mammalian 4E-BP1, from the cocrystal structure with murine eIF4E (magenta) is superimposed with a model of
human 4E-BP1 (cyan) with a backbone RMSD of 1 A˚. In yellow are three phosphoacceptor sites-Thr70, Ser65, and Thr46-along with Glu61. Thr46
of 4E-BP1 interacts with Asp144 of eIF4E. Residues Ser65 and Thr70 of 4E-BP1 are oriented toward Glu70 of heIF4E. Ser65 is also in close proximity
to Glu61 and may destabilize formation of the consensus helix in addition to providing electrostatic repulsion from Glu70 from eIF4E.
impairment in the eIF4E:eIF4G interaction, eluates from chemical shift mapping with full-length 4E-BP1 (Matsuo
et al., 1997). This NMR derived binding site of 4E-BP1m7GDP columns showed reduced levels of eIF4G copur-
ified from the slower-growing strains, despite the fact overlaps with the binding site of eIF4GI (393–490) for
yeast eIF4E in two regions containing conserved acidicthat the cellular eIF4G content was not significantly al-
tered (Figure 5C). These data indicate a reduced stability residues: Glu72, Glu73, and Glu140/Asp143/Glu144 (Figure 1A).
Given these data, we were prompted to construct aof eIF4E:eIF4G complexes in the 30 and 35 strains.
Analysis of polysomal profiles confirms that the same homology model of human 4E-BP1/eIF4E comprising
eight and six residues N- and C-terminal to the consen-mutants show increased 80S:polysome ratios, as is to
be expected from a defect in the translation initiation sus peptide, respectively (Figure 6B). This is of interest
since hyperphosphorylation of 4E-BP1 that regulatesmachinery (Figure 5D). Our results demonstrate that re-
gions of eIF4E required for complete folding of eIF4G association with eIF4G is likely to occur while in complex
with eIF4E (Gingras et al., 1999a).(393–490) and allosteric enhancement with capped RNA
in vitro also play a key role in supporting growth and The major phosphorylation sites on 4E-BP1 identified
in human embryonic kidney 293 cells are Thr36, Thr46,maintenance of polysomal structure in vivo.
Ser65, and Thr70 (Gingras et al., 2001). The latter three
sites appear in our model and point toward the afore-Regulation of Translation by the 4E-BPs
We next wondered if conserved surface residues of mentioned conserved acidic patches of eIF4E (Figure
6B). A variety of biophysical methods indicate that 4E-eIF4E that contact eIF4G (393–490) are employed during
regulation of the eIF4E/4E-BP interaction. Crystallo- BP1 monophosphorylated on Ser65 (Gingras et al., 2001;
Karim et al., 2001; Niedzwiecka et al., 2002) or diphos-graphic analysis on 16 residue peptides from either
mammalian eIF4GII or 4E-BP1 in complex with N termi- phorylated Ser65 and Thr70 (Gingras et al., 2001; Nied-
zwiecka et al., 2002) have submicromolar dissociationnally truncated murine eIF4E show that the 4E-BPs
mimic at least a portion of the eIF4G binding site (Marco- constants with eIF4E. Additional phosphoacceptor sites
on 4E-BP, such as Thr46, would be required for completetrigiano et al., 1999). However, absent from these data
are the positions of the phosphoacceptor sites of 4E-BP liberation of eIF4E. Phosphorylation of 4E-BP1 is or-
dered and hierarchical: Thr36 and Thr46 are phosphory-relative to eIF4E. The 4E-BP1 peptide binding surface on
eIF4E (Marcotrigiano et al., 1999) is overlapping with, lated prior to Thr70, which is followed by phosphorylation
of Ser65 (Gingras et al., 2001). Our model shows thatbut smaller than, that previously determined by NMR
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Thr46 is more exposed than Ser65 and Thr70 (Figure 6B). within eIF4G. This would allow access to the cap to be
controlled and also provide a mechanism for activitiesIf 4E-BP1 is phosphorylated while in complex with eIF4E,
it is possible that the order of phosphorylation is based at the 3 end to influence the stability of the mRNP
formed by eIF4F and Pab1p. Exploration of the structuralon accessibility. Upon phosphorylation of the N-terminal
sites, the off-rate of 4E-BP is increased, allowing access basis for these effects is a challenge for the future.
to C-terminal phosphoacceptor sites.
Regions outside of the 4E-BP consensus sequence Experimental Procedures
may also effect association of eIF4E with the cap struc-
Structure Determinationture. SPR studies show that both 4E-BP1 (Scheper et
A total of 50 structures of eIF4G (393–490) were calculated basedal., 2002) and 4E-BP2 (Ptushkina et al., 1999) are capable
on 367 intramolecular NOE derived distance restraints, 36 hydrogenof dramatically reducing the off-rate of eIF4E from a
bonds, and 84 TALOS (Cornilescu et al., 1999) derivedφ/ restraints
cap-RNA coated sensor chip. In contrast, 4E-BP1 is using the program XPLOR (Brunger, 1996). Side chain 	1 and 	2
unable to induce crosslinking of eIF4E to capped RNA restraints based on previously derived secondary structure depen-
unlike the strong effect induced by eIF4G (Haghighat dent values (Dunbrack, 1993). Structures of eIF4E were calculated
using a modified NOE data set consisting of NOE-derived intermo-and Sonenberg, 1997). The discrepancies between the
lecular and intramolecular distance restraints obtained for residuescrosslinking and SPR results may reflect different sensi-
40–213 of free eIF4E:m7GDP complex as described (Matsuo et al.,tivities of the techniques. The available data suggest
1997). Side chain-to-backbone NOEs for residues in the 4G binding
that the 4E-BP mediated effects are weaker than that site (identified by chemical shift mapping) within this region were
of eIF4G. Though HSQC analysis indicates 4E-BP is removed. Chemical shift mapping, HN-HN NOE analysis, and second-
mostly unstructured upon binding eIF4E (Fletcher et al., ary chemical shift analysis at the level of chemical shift index indicate
minimal changes in backbone secondary structure and -strand1998), these data do not rule out regions of local second-
pairing for residues 40–213 of eIF4E. De novo NOE and TALOSary structure or transient contacts that may play an
(Cornilescu et al., 1999) φ/ data were included for N-terminal resi-important role in translational regulation. Additional
dues 24–39. The lowest energy structure without any NOE or angle
NMR structural and mobility studies of 4E-BP in complex violations greater 0.5 A˚ and 5 was used for complex calculations
with eIF4E will be necessary to address these effects. with eIF4G (393–490). The full complex was calculated using a single
m7GDP/eIF4E structure from above with all 50 eIF4G (393–490)
structures, which were added at random distances and orientationsConclusion
relative to m7GDP/eIF4E. The structure quality was assessed with
PROCHECK-NMR (Laskowski et al., 1993). Details regarding sample
We have shown that yeast eIF4G (393–490) wraps preparation, NMR spectroscopy and 4E-BP homology modeling can
around the N terminus of eIF4E upon binding, forming be found in the Supplemental Data available on Cell website.
a molecular bracelet. N-terminal residues 24–35 of eIF4E
become structured upon binding eIF4G and are required
Mutagenesis, RNA Gel Mobility Shift, and Protein
for the folding of eIF4G (393–490). A virtue of the unusual Interaction Assays
bracelet architecture is in production of a large interface Deletion mutants of eIF4E were prepared by PCR and verified using
forward and reverse dideoxy sequencing. RNA gel shift assays wereenabling slow dissociation kinetics and allosteric modu-
performed as described (von der Haar et al., 2000) but with a 1 mMlation of cap binding. Residues of eIF4E that promote
EDTA, 45 mM Tris-borate, and pH 8 buffer. Information regardingfolding of eIF4G (393–490) and enhanced association
ITC, SPR, and GST-pull-down assays can be found in the Supple-with the cap structure are required for optimal growth
mental Data available on Cell website.
and maintenance of polysome structure in vivo. Func-
tionally significant basic residues found on the periphery
Yeast Strains and In Vivo Analysesof the bracelet interact with conserved acidic regions
A haploid yeast strain (MATa leu cdc33:LEU trp ura [pURA CDC33])
found on the dorsal surface of eIF4E and may play a (Altmann et al., 1987) was transformed with centromeric plasmids
role in regulation of translation by the 4E-BPs. A model containing a TRP-marker and wt or mutant eIF4E under control of
of a 4E-BP1 fragment based on the yeast eIF4E/eIF4GI the TRP1-promoter (Oliveira et al., 1993). The transformants were
grown in liquid SC–Trp medium for 12 hr and then plated onto(393–490) structure predicts that three of the four physi-
SC–Trp plates supplemented with 5-FOA (Boeke et al., 1987). Colo-ologically relevant phosphoacceptor sites are proximal
nies growing on this medium were used for further analysis. Westernto conserved acidic regions of eIF4E and that these sites
blots, isolation of cap binding complexes, and polysomal gradients
are phosphorylated in order of solvent accessibility. were performed as described (von der Haar and McCarthy, 2002).
Our results imply that eIF4G functions not merely as
a passive scaffold that coordinates proteins that bind
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